Abstract Here we describe the Immunogenetic Management Software (IMS) system, a novel web-based application that permits multiplexed analysis of complex immunogenetic traits that are necessary for the accurate planning and execution of experiments involving large animal models, including nonhuman primates. IMS is capable of housing complex pedigree relationships, microsatellite-based MHC typing data, as well as MHC pyrosequencing expression analysis of class I alleles. It includes a novel, automated MHC haplotype naming algorithm and has accomplished an innovative visualization protocol that allows users to view multiple familial and MHC haplotype relationships through a single, interactive graphical interface. Detailed DNA and RNA-based data can also be queried and analyzed in a highly accessible fashion, and flexible search capabilities allow experimental choices to be made based on multiple, individualized and expandable immunogenetic factors. This web application is implemented in Java, MySQL, Tomcat, and Apache, with supported browsers including Internet Explorer and Firefox on Windows and Safari on Mac OS. The software is freely available for distribution to noncommercial users by contacting Leslie. kean@emory.edu. A demonstration site for the software is available at http://typing.emory.edu/typing_demo, user name: imsdemo7@gmail.com and password: imsdemo.
Nonhuman primate (NHP) models represent the preclinical gold standard for both transplantation Miller et al. 2010; Singh et al. 2010) and HIV translational research (Sawai et al. 1996; Barouch et al. 2000; Igarashi et al. 2001; Wu et al. 2006; ). Despite their importance, the lack of knowledge about the immunogenetics of NHP (Thomas et al. 1989 (Thomas et al. , 2000 (Thomas et al. , 2006 Kenyon et al. 1999; Kawai et al. 2004; Lechler et al. 2005; Kean et al. 2006 ) has impacted both the reproducibility of results obtained with these models and the degree to which NHP studies can predict clinical success or failure. This is especially true for the field of transplantation, in which the degree of relatedness and MHC genetics can play a defining role in transplantation outcome (McGiffin et al. 1997; Malkki et al. 2007; Petersdorf et al. 2007) . Given this limitation, our group has led a major NIH-funded initiative in the past 5 years that has resulted in the creation of the first fully pedigreed, MHC-defined, directed breeding NHP colonies. Through this initiative, thousands of animals have been subjected to microsatellite-based genetic analysis of their parentage and pedigree, medium-density microsatellite analysis of their MHC chromosomal structure (Penedo et al. 2005; Kanthaswamy et al. 2010) , as well as detailed MHC expression sequencing of class I alleles using massively multiplexed pyrosequencing techniques ). The first studies using this new national resource have now been completed Miller et al. 2010; Page et al. 2011 ) and have established detailed immunogenetically mapped macaques as the new gold standard for primate translational research.
While the MHC genotyping initiative has been a major advance, it has led to significant challenges in managing the resulting genetic database. Experiments now require the discernment of multiple genetic factors for their proper execution, including the degree of relatedness between multiple animals within complex polygamous social structures, their MHC haplotype genetics, as well as the expression patterns of numerous MHC class I alleles Miller et al. 2010) . Traditional family tree analysis software is inadequate to display even the pedigree information for these animals, given the highly complex mating patterns observed in NHPs. In order to most efficiently make experimental choices, researchers require a visual display that integrates multiple relational databases in a platform that is also capable of effectively accessing and managing detailed DNA and RNA-based immunogenetic data. To address this unmet need, we created a novel webbased application that permits multiplexed analysis of several complex immunogenetic traits for experimental NHP. It is capable of housing complex pedigree relationships, microsatellite-based MHC typing data, as well as MHC pyrosequencing expression analysis of class I alleles. It includes an automated, robust microsatellite-based MHC haplotype naming algorithm and has accomplished an innovative visualization protocol that allows users to view multiple familial and MHC haplotype relationships through a single, interactive graphical interface. Detailed DNA and RNA-based data can also be queried and analyzed in a highly accessible fashion, and flexible search capabilities allow experimental choices to be made based on multiple, individualized and expandable immunogenetic factors. We believe that this software will be a critical component of the evolution of immunologic research, as it will permit translational researchers to optimally utilize multiple sources of immunogenetic data now available on their prospective research subjects, and required for precise experimental planning and analysis. In what follows and in the Electronic supplementary materials, we describe the features and the implementation of the Immunogenetic Management Software system ("IMS"), highlighting both the visualization and search modalities.
Features
Novel multiparameter pedigree visualization tool This application is designed to handle multicolony, multispecies data sets, each composed of numerous categories of genetic information. One of the major advances is the implementation of a novel visualization tool for viewing complex pedigrees along with associated immunogenetic data. The structural complexity of primate mating patterns makes traditional commercially available pedigree software tools both cumbersome and uninformative for primate family structural display. To address this, IMS analyzes relationships among animals within the colony and constructs the pedigree chart relative to a selected animal using a modified polar coordinate system (see Fig. 1 ). Coded microsatellitebased MHC haplotype patterns are overlaid onto the pedigree information using uniquely colored symbols, which enables the simultaneous visualization of multiple familial and MHC-derived relationships. The visualization tool also includes an interactive link to all source data, including DNA microsatellite-based MHC typing, detailed MHC expression databases, and the demographic database.
MHC haplotype assignment tool This application has implemented a novel algorithm that allows the de novo identification of MHC chromosomal haplotypes based on microsatellite genotypes. After uploading primary genotyping data that has been previously parsed [using utilities such as BEAGLE (Browning and Browning 2007) or PHASE (Stephens and Donnelly 2003) ] into distinct inheritance patterns, the application allows a flexible core group of microsatellites to be queried in order to identify MHC haplotype patterns and assigns a colony-specific MHC haplotype name to each unique core sequence. To accomplish this, the entire MHC chromosome is divided into three regions, including the core group of microsatellite markers and two sets of flanking markers located on the telomeric and centromeric ends of the chromosome. Core sequence patterns are compared across the colony, and a counter is used to assign pattern names sequentially. Starting with 1, the counter is incremented every time a new core pattern sequence is found, and the value of the counter is assigned as the colonyspecific name of the pattern sequence. The process also identifies and flags sequence length discrepancies (which could be due to either recombination events or genotyping errors) through a comparison algorithm. For every animal, the flanking markers are compared with the matching haplotype patterns of its parents, and if differences are found in the base pair lengths of the corresponding patterns found on the parents, the pattern name on the offspring is flagged with an asterisk to indicate a discrepancy. This is a critical utility for genetic analysis of the MHC, given the significant rate of recombination that occurs within this chromosomal region (Doxiadis et al. 2001; Otting et al. 2005) The microsatellitebased MHC haplotypes are also coded with unique color codes, which are overlaid onto the pedigree visualization tool, described above. This allows rapid visual assessment of both degree of relatedness and degree of MHC similarity between animals considered for transplantation.
MHC expression sequencing search tool
Perhaps the most important technical advance to occur to NHP MHC typing over the last decade has been the advent of massively multiplexed MHC expression sequencing Fig. 1 A sire centric view of a complex pedigree with the sire highlighted in green and each spoke representing a dam with whom the sire has produced at least one offspring Wiseman et al. 2009 ). Given the highly complex MHC chromosomal structure that exists in Old World monkeys, where the MHC has undergone significant DNA level duplication (Penedo et al. 2005; Bontrop 2006 ) and where multiple MHC genes are transcribed, in a hierarchical, rather than a codominant manner , a complete MHC analysis of NHP has been exceedingly difficult, time consuming, and costly to complete. Massively multiplexed pyrosequencing of class I alleles has fundamentally changed the landscape of NHP MHC typing and now affords NHP researchers extremely detailed MHC expression information on all potential experimental animals ). However, the ability to mine this data continues to represent a major challenge for researchers.
IMS provides functionalities that enable transplant planning based on MHC expression data and which facilitates the integration of this data with pedigree and STR-based haplotype information. After primary MHC expression sequencing data are uploaded into the application, IMS calculates relative frequencies of the expressed MHC alleles to facilitate interanimal comparisons of MHC expression patterns. Animals can then be chosen based on complex patterns of both expressed and unexpressed MHC alleles. Integration of the microsatellite-based haplotype designations with pyrosequencing-based expression data will ultimately allow users to infer MHC expression patterns from microsatellite-based haplotype designations, such that the more inexpensive microsatellite surrogate can predict both the functional as well as the structural MHC of potential experimental animals. It should be noted, however, that transcription of an allele does not always result in its cell surface expression. Indeed, in rhesus macaques, some highly transcribed alleles have been found to be expressed at low levels on the cell surface (Rosner et al. 2010) . Thus, the development of tools to rigorously assess cell surface MHC expression remains an unmet need in the field.
Flexibility to incorporate future genotyping strategies While IMS was written to best meet the existing needs of the primate transplant/immunology community, with minor modification, this program can be used by investigators to meet very different goals. These include using the IMS platform to organize data relevant to genetic associations for behavioral studies including pedigree structure, inbreeding coefficients, 5HTTLPR length, and genotypes at multiple functional SNPs, as well as studies of viral immunology and the protective immune response, where interactions of MHC allele expression patterns and haplotypes will be tied to viral clearance or disease. Because of this inherent flexibility, we believe that IMS will be an integral tool for investigators using NHP or other animal models in which the visualization and organization of complex data within a pedigree are paramount to research goals.
IMS implementation
Language The IMS web application is written in Java, allowing it to be deployed on any platform. The downloadable application is packaged with Tomcat and MySQL included for installation on Windows.
Search hierarchy The application provides robust search functionality to permit the selection of a single animal or a subgroup of animals for further analysis. When a single animal is selected for further analysis, the software enables analysis of the selected animal compared with other animals in the colony from different perspectives, including the pedigree visualization; the identification of the selected animal's sire, dam, and full or half siblings; the identification of animals which share two, one, or zero microsatellite-based MHC haplotypes; and the choice of animals expressing similar or divergent MHC alleles.
Pedigree visualization The pedigree visualization tool uses a novel approach to depict the colony, which includes the drawing of complex pedigrees from three perspectives: sire, dam, and offspring. As shown in the example in Fig. 1 , when displayed in a sire centric view, the center node represents the sire, the outer nodes represent the dams, and the intermediate nodes represent the offspring.
To create the sire centric view, the algorithm starts with a point of origin, which represents the sire node, and is based on the centered coordinate of the dimension parameter. It then calculates four points based on a polar coordinate system at 0°, 90°, 180°, and 270°of the polar axis. These four points represent placement coordinates of dam nodes. The algorithm splits the coordinate system into four quadrants and calculates the points where the remaining dam nodes will be placed in the polar coordinate system. The boundaries of the quadrant are represented as vectors that are added together to produce a resultant vector that bisects them. This follows a recursive process of adding the new resultant vector within each boundary vector up to 16 times per quadrant to produce the endpoints for each potential dam node coordinate. The coordinates for the dam nodes are staggered in order to prevent overlapping of nodes.
In order to provide enough spacing between the dam nodes to display offspring nodes, the dam nodes are staggered by scaling the resultant vector by dividing the magnitude of the vector with the unit vector and then scaling the result with an alternating constant of 1.5 to create the staggered layout. The placement of the offspring nodes is determined by calculating points along the edge from the sire to the dam. These points represent attachment sites from the edge of the offspring node to the edge of the sire-to-dam edge. The coordinate for the offspring node is calculated as the vector orthogonal to attachment site from the sire to the dam edge mentioned previously. Since this type of edge connection (edge to edge) is not typical of computer science graph theory implementations, which consist of a collection a vertices and edges that connect pairs of vertices, it was necessary to create a custom layout algorithm for this purpose.
The dam centric view was implemented using the same algorithm as the sire centric approach, but the nodes representing the dams and sires are reversed. The offspring centric view is more complex because it joins pedigrees of both parents and links them using the mating line attached to the selected offspring. Rather than using four quadrants to draw the view, the algorithm divides the canvas and creates two sets of half quadrants to draw the sire and dam pedigrees. It then joins them using the mating line attached to the selected offspring.
Because the pedigree visualization displays two generations of animals, in some instances, an animal may appear in the chart with two distinct roles (either as both offspring and sire or as both offspring and dam). Given the complexities associated with depicting these dual roles, the pedigree algorithm is designed to display animals that have two roles as two distinct nodes. These nodes are identified with a red outline to indicate their duplication.
The pedigree visualization uses color coding to enable a visual distinction between microsatellite-based haplotype patterns. The algorithm calculates the maximum number of colors needed for a single chart by calculating twice the number of sire and dam nodes in the pedigree. The software has a limited preset array of colors. If more are needed, the application autogenerates them and then assigns them to chromosome patterns found in the pedigree. For simplicity and to assure that colors are easily discernable within a pedigree, the color coding is regenerated with each new pedigree visualization-a unique color is not assigned to each microsatellite-based MHC haplotype. Thus, the same color may be used to represent two different haplotypes, if they appear in two separate pedigree visualizations.
The pedigree visualization is displayed in the web application as a Java applet. The process that launches the pedigree visualization for a selected animal queries the database for that animal's sire and dam. Using these attributes, the process identifies roles of animals relative to the selected animal. The application generates XML output that provides information used by the pedigree visualization to draw the resulting graphic.
List mode search and display capabilities
While the unique visualization tool allows multiple layers of genetic information to be summarized succinctly and in a visually simplified manner, final experiment choices are often made by superimposing the information derived from the visualized pedigree with that derived from other search capabilities that are included within this application. Multiple genetic parameters can be searched simultaneously, and results are displayed in an exportable, tabular format, which permits detailed analysis of large sets of primary genetic information that is housed within IMS for each animal. Examples of list mode search capabilities include the following:
1. Search for the degree of microsatellite-based MHC haplotype similarity: One of the most powerful search functions allows the user to query for animals within a colony by degree of microsatellite-based MHC haplotype similarity. The system provides the researcher with the capability to search for animals that are matched for two, one, or zero MHC haplotypes.
2. Allele-specific PCR analysis: While RNA pyrosequencing has become the new gold standard for MHC analysis in NHP, many colonies and researchers also use allele-specific PCR-based MHC typing. IMS has the capability to house these data as well as the capacity to search for positive or negative status across an array of PCR alleles. 3. Pyrosequencing-based MHC expression analysis: The software provides the capability to search for the presence or absence of multiple MHC alleles identified through pyrosequencing techniques. The application allows primary sequencing data to be stored and calculates a frequency for each expressed allele to facilitate interanimal comparisons. Both inclusive and exclusive search criteria are included in the application, allowing the identification of animals according to detailed MHC expression specificities. 4. Relational data display: For any selected animal, the researcher can view detailed information for all related animals, including its sire, dam, and full and half siblings. When the data are displayed in this context, the selected animal's chromosomes are color codedorange for the sire chromosome and blue for the dam. This enables the researcher to quickly view in tabular form the siblings having matching and mismatched microsatellite-based MHC haplotypes. In addition, in the detailed microsatellite-based haplotype view, primary microsatellite data are displayed, along with the identification of probes for which a recombination event has likely occurred. 5. Algorithm for calculating patterns of alleles determined by allele-specific PCR: The IMS software implements an algorithm to calculate the degree of MHC sharing based on allele-specific PCR results. To do this, the algorithm first evaluates the total number of MHC class I and MHC class II alleles for which allele-specific PCR-based results are available for each selected animal. Next, it calculates the numbers of MHC class I and MHC class II alleles that were identified as positive by allele-specific PCR and the number of these alleles that were identified as negative for both animals. Finally, the total number of positive or negative intersections (both animals positive for a given MHC allele or both animals negative for a given MHC allele) is calculated. 6. Algorithm for calculating shared MHC expressed alleles:
The IMS software also implements an algorithm to calculate the degree of sharing of MHC alleles after pyrosequence-based expression analysis. To accomplish this, the algorithm calculates the total number of sequences having frequencies greater than 1% (coded as "positive" by MHC expression analysis) and the total number of sequences having frequencies less than or equal to 1% (coded as "negative" by expression analysis). Finally, the algorithm calculates the intersection of positive and negative MHC allele sequences between two selected animals.
Data management Data management involves three key components, including the following:
& Excel template file & Upload method & Algorithm for assigning microsatellite-based MHC haplotype pattern names
The downloadable distribution of IMS includes an Excel template file for uploading data into the IMS database. The upload method uses Apache POI to parse the Excel file and write to the database. Details about the upload method are included in the user manual.
Algorithm for assigning microsatellite-based haplotype pattern names The algorithm that assigns microsatellitebased MHC haplotype pattern names is performed in two steps, first assigning names to unique core pattern sequences and then identifying and flagging recombination events.
The algorithm begins by dividing the sequence of microsatellite markers into three segments-(1) the core region, (2) the flanking markers on the telomeric end of the chromosome (called the "prefix"), and (3) the flanking markers on the centromeric end of the chromosome (called the "suffix"). The core, prefix, and suffix pattern sequences are represented as strings such that the base pair lengths in each of the regions are concatenated into three separate patterns representing the core, prefix, and suffix. The core pattern representation is used for comparing, identifying, and naming distinct haplotype patterns.
Three hashmaps are used for storing the core, prefix, and suffix pattern sequences described above. A hashmap is a data structure that maps that stores key/value pairs, and given a key, the value can be found. Keys must be unique, but values may be duplicated. Each of the hashmaps implemented contains entries for every animal chromosome in the data set. The entries are keyed on a combination of animal name and MHC haplotype number so that the algorithm can recall the pattern sequences when needed.
To generate the microsatellite-based haplotype pattern names, a counter is used and initialized to one. The first core pattern sequence is assigned the haplotype pattern name of 1. The distinct core pattern sequences and their names are stored in another hashmap, and after the first core pattern sequence is identified and named, it is added to the sequence name hashmap, with the entry keyed on the core pattern sequence. For every animal's haplotypes, the algorithm compares the core pattern sequence by checking to see if it exists in the sequence name hashmap. If the core pattern sequence is found in the hashmap, the pattern name is recalled and assigned to the animal's haplotype. If the core pattern sequence is not found in the sequence name hashmap, the counter is incremented by 1, assigned to the pattern sequence, an entry added to the sequence name hashmap, and the new haplotype pattern name is assigned to the animal. Finally, another hashmap is used for tracking animals with assigned pattern names.
After the pattern names are assigned, the algorithm iterates over the animals haplotypes to identify and flag genotyping discrepancies. For every animal, the algorithm checks for the animal's sire and dam, and if both are present, compares the core sequence of the current animal with core sequences from both pairs of haplotypes found on the parents. If a match for the core sequence is found on one of the parent haplotypes, the corresponding prefix and suffix sequences of the current animal's haplotype are compared with prefix and suffix patterns found on the matching parent haplotype. If the base pair lengths in either region are different, the genotyping discrepancy flag field in the database is marked with a "Y" to indicate that a genotyping discrepancy is detected within the haplotype pattern. If the current animal is missing a sire or dam, the genotyping discrepancy flag in the database is marked with a "U" indicating "unknown." When the discrepancy flag is rendered in the web application, only the known genotyping discrepancies (i.e., those marked with a "Y" in the database) are displayed, using an asterisk appended at the end of the haplotype pattern name.
Haplotype pattern naming convention To date, no single naming convention exists for microsatellite-based MHC haplotypes within the rhesus macaque (Evans et al. 1999; Penedo et al. 2005 ). This is due to the fact that individual investigators have used and published slightly different panels of microsatellites that take advantage of colonyspecific patterns of allelic frequency. To accommodate these differences, this application has implemented a colony-specific convention to naming microsatellite-based MHC haplotype patterns. As such, for each colony of origin, the application assigns a name and pattern number to patterns of base pair sequences found within the MHC region. The naming convention includes four parts: (1) the microsatellite-based haplotype being named (the MHC), (2) the species undergoing microsatellite-based MHC typing, (3) the colony to which the individual animal belongs, and (4) a unique six-digit number assigned to the designated microsatellite pattern. For example, for the Yerkes rhesus macaque colony, the first microsatellite-based MHC haplotype pattern would thus be named "MHC-Rhesus-Yerkes-000001." It must be noted however that two animals with the same biological haplotype housed in different colonies would not be identified as matched using this current naming convention, given that the enumeration and naming of microsatellite-based MHC haplotype patterns occur independently for each colony. Once a universal microsatellite-based MHC haplotype naming convention is established, the IMS application can be easily converted to utilize these universal haplotype identifiers.
If a genotyping discrepancy is observed when comparing an offspring animal to his or her two parents, the existence of this discrepancy is shown with the "(*)" designation at the end of the alphanumeric designation. The ability to code for these discrepancies, which can arise either due to recombination events or to genotyping errors, is critical when naming within the MHC, given that this chromosomal region is one of the most gene-rich, polymorphic regions of the mammalian genome and is a hot spot for recombination (Trowsdale 1995; Gruen and Weissman 1997) . Given the propensity for recombination, microsatellites are routinely genotyped both within the MHC and outside the core MHC region. Microsatellite patterns and recombination events in the flanking regions (which occur in as many as 2-3% of meiosis, Penedo et al. 2005) are identified with the "(*)" designation. While recombinations are also possible within the core MHC region, these are rarer than those occurring in the flanking regions and can also result in alterations in the expression patterns of individual MHC alleles. Given these issues, the current naming convention is founded on the identification of the core pattern; thus, if discrepancies occur within the core, they will not be designated with an "*" but rather with a new microsatellite-based MHC haplotype identification number. These events would be noted on pedigree analysis, which would reveal an apparent Mendelian error during reproduction.
